The Asiatic swamp buffalo (Bubalus bubalis) is an important livestock species in the Lao People's Democratic Republic (Laos), with smallholder farmers owning the majority of an estimated 774,200 buffalo. Of the estimated 226,400 farm households with buffalo, 78% have a herd size of four or fewer, kept as a storage of wealth, sale for beef, for manure as fertilizer, and decreasingly, draught power. The total meat consumption in Laos and China was approximately 21 kg and 58 kg per capita in 2009, with an annual growth rate forecast of 4.5% and 3.1%. Increasing demand for meat in both domestic and neighboring markets offers opportunities for smallholders to gain more income from their livestock, particularly buffalo. However improving buffalo production requires numerous management constraints to be addressed, including: health issues (parasites and endemic diseases, particularly Toxocara vitulorum and Haemorrhagic Septicaemia control), biosecurity and transboundary disease (Foot and Mouth Disease control), nutritional deficits, low reproductive performance, high slaughter rates of pregnant cows, undeveloped trade and marketing systems, limited veterinary and extension service capacity, and potentially climate change and policy impacts. This paper reviews available information on these constraints to identify remaining gaps in knowledge and offer potentially suitable strategic interventions aimed at increasing the supply of buffalo in Laos. With the current rapid rate of economic development expected to continue in Laos and the Greater Mekong Subregion, expansion of the domestic and regional markets for food requires a more biosecure and sustainable supply of safe meat. Improving livestock health, productivity, processing and marketing, particularly of buffalo, is critical to ensuring poor smallholder communities can participate in and access these growing markets, providing improved rural livelihoods, poverty reduction and increased food security.
INTRODUCTION
Lao People's Democratic Republic (Lao PDR or Laos, henceforth) is a land-locked country centrally located in the Greater Mekong Subregion (GMS), sharing borders with five countries; China to the North, Myanmar to the North-West, Thailand to the West, Vietnam to the East and Cambodia to the South. Laos comprises multiple ethnic groups and in 2011 had an estimated population of 6.3 million people [1] . A large majority of the population is dependent on agriculture and the use of natural resources for their livelihoods [2] , being engaged in livestock, fishery and forestry activities that contributes approximately 33% of the total national Gross Domestic Product (GDP) and employs approximately 75% of the workforce in 2010 [3] . Enhancing food security, improving nutrition and reducing poverty remain complex challenges in Laos [4] where 27% of the population in 2012 was undernourished [3, 5] and approximately 77% of the total population lives on or below USD2 per day [1] .
Although rice production dominates the agricultural sector and accounts for 40% of land under cultivation *Address correspondence to this author at the Faculty of Veterinary Science, University of Sydney, Camden, NSW 2570, Australia; Tel: +61 2 9351 1785; Fax: +61 2 9351 1693; E-mail: snam7362@uni.sydney.edu.au, sonevilay@yahoo.co.uk [5] , large ruminant livestock production in smallholder farming systems is increasingly important, providing animals and meat for sale or consumption, a storage of wealth, fertiliser for crops, draught power for transport and cultivation, and participation in cultural festivities (e.g. bull fighting). Livestock rearing including buffalo provides up to 50% of smallholder household annual cash income [6] [7] [8] . However there are multiple constraints to more modern and optimal production techniques and productivity, including limited availability of land, underfeeding practices with poor quality fodder, major transboundary and endemic disease issues, poor husbandry knowledge, minimal agricultural extension capacity with a lack of knowledge transfer, a low capacity animal health reporting and response system with suboptimal disease surveillance and few outbreak investigations, minimal confirmation of disease diagnoses, plus poor disease prevention and control management [4] . Isolation and absence of year-round road access or alternative transport systems is a further constraint for many smallholder farmers, particularly during the wet season. These constraints and subsistence production attitudes and practices, decrease the ability of many Lao farmers to achieve optimal production and increases their vulnerability to both disease and climate shocks affecting their crops and livestock [9] [10] .
The demand for red meat is rapidly increasing in China and Southeast Asia and is projected to grow by 2.9% per annum by 2020 [11] , driven by the fast growing economies and urbanization in more developed countries of the region, such as China and Vietnam. Despite increasing demand and trading opportunities, many Lao large ruminant farmers have yet to take advantage of these changing circumstances, remaining in a transition between livestock keepers and more market-oriented producers. Improvement in large ruminant livestock production and buffalo productivity in particular, requires that Lao smallholder farmers overcome the numerous production and management constraints including: health issues (parasites and endemic diseases, particularly Toxocara vitulorum and Haemorrhagic Septicaemia control); biosecurity and transboundary disease control (particularly Foot and Mouth Disease); nutritional deficits; supply issues including low reproductive performance and high slaughter rates of pregnant cows; undeveloped trade and marketing systems; limited veterinary and extension service capacity; and potentially the impacts of increasing climatic variability and uncertain policy settings [4, 7, 12] As Laos and the wider GMS continue the current rapid rate of economic development, the expanding domestic and regional markets for food require a more biosecure and sustainable supply of safe meat and protein. Improving livestock health and productivity is critical to ensure poor people in rural communities can participate in and access these growing markets, with likely benefits to rural smallholder livelihoods including poverty reduction and improved food security. This paper reviews available information on these constraints to identify remaining gaps in knowledge and practices that limit the supply of buffalo to the increasing regional demand, plus offer potentially suitable strategic interventions for improvement to assist in achieving a more sustainable food supply.
POPULATION DYNAMICS, CURRENT CONS-TRAINTS AND FUTURE PROSPECTS
Lao smallholder farmers typically manage their buffalo with cattle under a mixed crop-livestock system according to the rice cultivation calendar [8, 9, 13] . Based on levels of input and grazing management, three main systems have been described including: (1) all year-round free-grazing; (2) seasonal free-grazing; and (3) a seasonal daytime free-grazing and opportunistic fattening system. In addition, variations in buffalo management reflect variations in crop-livestock management skills, availability of land resources and seasonal feed, plus importantly, farmer knowledge and attitudes towards of large ruminant health and production practices [9, 13] .
In 2010/11 the Department of Planning of the Ministry of Agriculture and Forestry conducted a national Agricultural Census including all private households with livestock. Agricultural activities of institutional units such as government farms, private companies and schools were excluded. This review paper draws on data from the Lao Agriculture Census [14] . The number of farming households with buffalo declined between 1999 and 2011 ( Table 1) . Of the 782,800 total farm households, 226,400 (29%) kept buffalo, contracting by 30% between 1999 and 2011 [14] . Similarly, the total buffalo population decreased by 22% (2.0% per annum) to 774,200 between 1999 and 2011. Over three-quarters of farm households with buffalo had four or fewer buffalo, with an average of 3.4 per household. Both the national herd and the number of households with buffalo has decreased dramatically in the past 10 years, raising concerns that Laos will be unable to meet the rising demand for beef.
Significant reductions in both farm households with buffalo and the national buffalo population may be attributable to several factors. Firstly, with more than 61% of all farm households reporting their use of a twowheeled tractor for ploughing [14] , increasing farm mechanisation has largely replaced buffalo kept for draught, enabling the ready sale of buffalo and contributing to reduced numbers [7] [8] . Increased mechanisation for draught has been more prominent in provinces along the Mekong river, although some farmers in the more remote provinces (e.g. Huaphanh and Xiengkhoung) still use buffalo for draught in combination with hand tractors. They also continue to value buffalo as a means of wealth accumulation and source of manure for rice cultivation, particularly as the non-alluvial soils in these provinces are less fertile and less suitable for rice production [7, 12] .
Secondly, there has been a reduction in 'common' grasslands available for grazing due to the expansion of cash crop plantations (e.g. rubber, maize, banana, sugar cane, cassava), particularly in the northern and more recently in the central regions of Laos [14, 15] . Reduced grazing land and feed deficiency in the dry season is likely to have led to many smallholder buffalo farmers choosing to sell some of their livestock, rather than be fined when their animals trespass into cash crop plantations of other farmers. Further studies to provide a better understanding of the correlation between the expansion of cash crops and the reduction in buffalo numbers is recommended.
Thirdly, low reproductive performance could also have contributed to reduced buffalo populations. A recent study in northern Laos revealed low calving rates and prolonged inter-calving intervals of fertile buffalo of 41-52% and 19-21 months, respectively [9] . Oestrus behavior in buffaloes is considered to be lower intensity than in cattle and is more difficult to detect, plus the distinct seasonal changes in the display of oestrus influences conception and calving rates presumably due to nutritional and lactational anoestrous; female buffalo calving during an unfavorable season may not resume ovarian activity until a more favorable season [16] . Further, poor husbandry practices and absence of reproductive management contributes to low reproductive performance in buffalo in Laos. The standard reproductive management practices of sex segregation, castration of male calves not required for breeding, selective breeding of superior animals and other aspects of breeding management are not practiced widely by smallholder farmers [7] [8] . This means there are numerous lost opportunities for improving buffalo reproduction, including delayed age of first calving, prolonged inter-calving intervals, and seasonal anoestrus, as has been reported from other countries [17] [18] [19] . An intervention of particular interest is the potential for the early weaning of buffalo beef calves (e.g. at 70-180 days of age). This practice is used where breeding females are at risk of reproductive compromise due to inadequate nutrition [20] [21] as the metabolisable energy (ME) requirements of the dam in early lactation are approximately double those of a dry cow and where energy is limited, the cow will lose body condition and weight rapidly [20] . In addition to managing the reproductive cycle so that buffalo cows calve into the wet season and provision of a higher plane of nutrition from forages grown for lactation, strategic early weaning may offer an opportunity for improving buffalo reproductive efficiency in smallholder systems.
Of potential importance to breeding management, is that although slaughtering of pregnant animals for meat is prohibited in Laos [22] , a large slaughterhouse survey in five northern provinces of Laos identified that 44% and 47% of the female cattle and buffalo slaughtered respectively, were pregnant with gestation lengths ranging from first to last trimesters [23] . Slaughtering of pregnant animals results in calf wastage and undermines reproductive capacity. Although this practice may indicate that smallholder farmers were not aware of their livestock reproductive status at the point of sale, it is widely known that soup made from buffalo uterus and fetus is a delicacy in the Lao cuisine.
It is considered likely that in addition to increasing demand for fattened buffalo from expanding regional markets, a combination of poor husbandry practices may also be contributing to the pressures on the supply of Lao buffalo, explaining the declining population. Encouraging compliance with Veterinary Law including development of enforcement capacity, plus improvement of farmer knowledge, attitudes and practices in breeding and general husbandry management is considered very important in addressing the declining buffalo population in Laos.
IMPORTANT ENDEMIC DISEASES OF BUFFALO IN LAOS
Along with feed deficiency in the dry season, the high prevalence of endemic diseases such as Foot and Mouth Disease (FMD), Haemorrhagic Septicaemia (HS), and internal parasites including Toxocara vitulorum and Fasciola gigantica causing Toxocariasis and Fascioliasis respectively, are considered the most important diseases impacting cattle and buffalo production in Laos [12, 22, [24] [25] [26] .
FMD is widely acknowledged as a major limitation for efficient and sustainable livestock production [4, 27] . In the GMS, FMD serotype O is of most importance, causing a highly contagious endemic infection affecting mainly cattle and buffalo and compromising the livelihoods of smallholder farmers [28] . FMD outbreaks have been recorded for many years throughout Laos [25, [29] [30] . A recent study on the estimated financial impact due to FMD in Laos indicated the losses of FMD per household could exceed USD1,200, even when considering only the costs of treatment and losses due to mortality and morbidity [24] . Had other indirect costs attributable to a FMD outbreak been included, such as the cost of additional feed and labour needed to recover the weight lost during and post-infection, future production losses due to changes in herd structure including infertility, plus the opportunity costs of lost trade, it is very likely that the FMD-attributable financial losses of large ruminant smallholders would be much higher [25, 27] .
HS is an acute fatal infectious and endemic disease of cattle and buffalo caused by the bacterium Pasteurella multocida type B2. It is widespread in Laos and particularly in remote areas where animals are kept under a free grazing system and vaccination is limited [31] [32] with prevalence in buffalo usually between 2% and 12%. However, the case fatality rate from HS is generally very high at between 43% and 73% [31] . Outbreaks of HS occurred in 2009 in Laos in many provinces causing the deaths of over 300 cattle and buffalo in one province alone (SK, personnel observations). That was followed by a series of outbreaks in 2009 and 2011 reported by farmers, although no available official records of reports on the disease outbreaks and financial impacts in Laos are available. A study in Cambodia estimated the financial losses due to HS per household and affected animal of USD952 and USD375, respectively [33] . The variation in the financial losses varied and depended on whether the animal survived, was provided with treatment, draught replacement was obtained and if there was a loss in secondary income.
Among the internal parasites of buffalo, T. vitulorum and F. gigantica are the most important parasites in Laos, as in many humid tropical regions in the world [34] [35] [36] [37] . T. vitulorum is a pathogenic gastrointestinal nematode of newborn cattle and buffalo calves that is responsible for high morbidity and mortality rates of 15-50 days old calves [35] [36] . Prevalence can reach 100% if no treatment and control is instituted, with deaths frequently occurring when associated with poor nutrition [35] [36] . Clinical signs of infected calves include diarrhea, anorexia, loss of coat glossiness and skin tone with eczema, plus stunted growth. The life cycle of T. vitulorum has been well described [36] and a recent study in northern Laos revealed a prevalence of 23% with the parasite more common in buffalo than cattle calves [35] . Limited farmer knowledge on the parasite was also identified [7, 35] .
F. gigantica is a trematode flat worm that can cause substantial negative impacts on large ruminant production [34, 37] . Field and slaughterhouse studies in central and northern Laos revealed prevalence rates of 21-38% for F. gigantica in buffalo [23, 34] . The widespread presence of these parasites in buffalo in Laos reflects the traditional large ruminant production systems that enhance the risk of significant parasitic disease losses, particularly through confounding factors including poor housing, nutritional deficiencies, unrestricted animal movements, shared water supplies, and lack of biosecurity controls [4, 9, 23] .
SMALLHOLDER BUFFALO PRODUCTION IN LAOS
Between 2005 and 2009, both the total and bovine meat production per capita increased steadily in Laos and neighbouring countries, with the exception of Thailand ( Table 2 ) [38] . Meat production per capita per year in Laos increased from 17 kg to 21 kg between 2005 and 2009 [3] with 3.4 kg of that meat derived from buffalo. The Lao National Strategy for Agricultural Development from 2011 to 2020 is aimed at sustainable development of food and income security, emphasising the need for an increase in total meat supply to 40-50 kg per capita per year at 5% growth per annum [39] . Achieving this goal is a major challenge and it is considered that a systems approach with multiple interventions will be required. Improvements in animal health and production practices plus development of markets including improved supply linkages and information that supports smallholder livestock farmers to improve their productivity are necessary [4, 9, 40] .
There have been few documented studies on smallholder buffalo production under the free-grazing system in Laos until recently, when 500 local buffalo were enrolled in a longitudinal study and production data included body weight, average daily gains (ADG), calving rate and calving interval were measured between 2008 and 2011 [9, 41] . This study established baseline production parameters of northern Lao smallholder buffalo, providing evidence of low mean weight (325-357 kg) and ADG (86-96 g/d). It confirmed that high variations occurred in body weights and ADG between seasons, reflecting the dramatic seasonal availability of feed resources, with animals in a negative energy balance during the dry period season from December to May [9, 12, 41] .
Although disease control is crucial, improvement in Lao buffalo productivity cannot be achieved without provision of a more balanced nutrient supply, requiring improved management strategies [12, 41] . The introduction of forage plantations has been promoted to assist smallholder farmers manage feed shortages in the dry season, plus provide a resource to commence fattening of buffalo prior to sale to increase animal values [10] . A recent on-farm fattening trial demonstrated a significant difference in ADG between the fattened and free-grazed buffalo, with fattened animals having an ADG of approximately 216 g/d, three-times greater than those free-grazed [9] . Further investigation on methods of improved nutritional and feeding management including silage preservation of forage for buffalo calves pre-and post-weaning is recommended.
Despite the unique ability of buffalo to better convert poor quality high fibre feed into milk and meat compared to cattle and sheep [19, 42] , the common practice of feeding untreated rice straw to buffalo should be limited. This is due to the lignifications and low nitrogen content of straw, resulting in an inability of buffalo to gain sufficient energy from such roughage [42] . Rice straw contains between 4 and 6.5 MJ of ME per kg of dry matter and very low crude protein concentration of between 2% and 6% [43] . Improved utilization of crop residues in buffalo feeds via silagemaking using bags or concrete pits, plus the use of supplementation of roughage with urea and molasses, have been promoted [41] [42] . Of interest is that in a study in the Philippines with crossbred buffalo fed a mixture of corn silage and concentrated feed, the ADG increased from 591 g/d to 1,066 g/d [44] . Improving both the quality and quantity of feed offered to cattle and buffalo is likely to achieve superior ADG for stall fattened animals in Laos and requires further investigation.
Improved husbandry practices and nutritional management are increasingly important for smallholder farmers to manage climate variability and potentially worsening environmental degradation. Although buffalo are well adapted to the tropics they have less physiological adaptation to extremes of heat than various breeds of Bos indicus cattle if unable to access water soaks [45] [46] . Buffalo absorb a great deal of solar radiation because of the dominance of dark skin and sparse hair cover [46] . Heat stress occurs when total body heat exceeds heat loss and thermoregulation fails, resulting in excessive heat load and an increase in core temperature [47] . Increased climate variability with higher temperatures may well lead to heat stress becoming a more serious consideration for buffalo production. In contrast buffalo are also very susceptible to cold stress, as evidenced by a devastating incident of hypothermia in March 2011 that affected many villages in northern Laos, resulting in estimated losses of USD2.5 million due to the deaths of over 10,000 large ruminants including at least 3,744 buffalo [10] . Of interest, it has been estimated that the impact of climate change due to associated risks with unpredictable floods and drought could lead to 1.1% reduction to the Lao GDP particular from impacts on the agricultural sector [39, 48] .
MEAT CONSUMPTION, MARKETING AND TRADE OPPORTUNITIES FOR SMALLHOLDER BUFFALO FARMERS
Increasing demand for animal products has been described as the livestock revolution, particularly in Asia [49] where economic growth has continued at a remarkable pace and is geographically widespread [1] . Higher incomes amongst urban consumers have led to diversification of their diet with the inclusion of more meat products [49] . Between 1997 and 2009, total meat consumption per capita per year in China increased from 43 kg to 58 kg and in Southeast Asia from 18 kg to 26 kg [3, 11] with projections to grow at around 3.1% and 3.0% per annum to reach 73 kg and 30 kg by 2020, respectively [11, 49] . In Laos, total meat consumption was approximately 21 kg per capita per year in 2009, with an annual growth rate forecast of 4.5% [3] . Increasing demand for meat in both domestic and neighboring markets and China and Vietnam in particular, has been enhanced by the development of a regional road network throughout the GMS [6] .
The estimated farm gate value of buffalo in Laos based on the total national herd has been suggested at USD531.9 million [50] . Approximately 100,000 live cattle and buffalo have been exported annually to neighbouring countries and particularly China and Vietnam, with the Lao government aiming to boost large ruminant exports to 140,000 by 2015 [39] . Of interest is that Vietnam is now seeking to import buffalo from Australia, with up to 5,000 per month reported to be arriving from February 2014 [51] . This indicates the high demand for buffalo in the region and the potential this species has as an export product from Laos to neighboring countries.
The increase in demand for beef in both domestic and in neighboring country markets appears to be exceeding current production levels. This has led to a surge in the prices of beef with media reporting the price of buffalo meat in Vientiane Capital increasing by almost 67% between April 2010 and April 2013, from approximately USD5.7 to USD9.4 per kg [52] . This demand is partly due to consumers in some northern Lao and southern Chinese provinces preferring buffalo meat over beef from cattle [7] as buffalo meat has a reputedly higher proportion of muscle to carcass and protein to fat content than meat from cattle [53] . As is the case in much of the GMS, considerable unregulated transboundary animal movements occur across porous international borders [54] with those traders operating in Laos and supplying these markets impacting on the local market for buffalo meat and potentially the sustainability of supply. The increasing prices for red meat and higher sale values of large ruminants are likely to have stimulated many smallholder farmers to sell more of their stock than in the past, although they are likely to struggle to replace their stock and maintain their livestock holdings. However it is also possible that the increasing prices for red meat could encourage large ruminant smallholders to improve their husbandry practices and seek improvements in reproductive management in an attempt to produce increased buffalo numbers to supply the increasing market demand. If numerous smallholders are successful in engaging this developing market for quality buffalo, sustained higher prices for the increasing supplies of better quality animals could contribute to rural poverty reduction in Laos and help address food insecurity in the GMS.
Despite increasing demand and trading opportunities, many Lao buffalo smallholder farmers have yet to take advantage of these changing circumstances due to the previously discussed production constraints plus limited marketing information. Currently, estimations of meat weight of buffalo and cattle is performed visually, a process subject to human error and bias by traders [7, 55] . Smallholder buffalo farmers generally sell their livestock when they need large sums of money or the animals are ill and traders are usually able to set a low price, knowing that farmers are anxious to sell in order to obtain money and cut their losses [56] . Smallholder farmers may also be prevented from seeking reliable information on marketing conditions because of their geographic, social and economic isolation [57] . The existing imbalance of bargaining power between livestock traders and farmers can reduce the incentives for smallholders to improve product quality [7] . To facilitate improvements in large ruminant trade and productivity assessment, a weight tape enabling simple measurement of local buffalo and cattle has been developed [58] . Promotion of the regular use of this weight tape as a tool to more accurately estimate animal values is recommended. In addition, further research is recommended on livestock market chains, quality assurance and production data (e.g. mature weight and carcass percentage for local cattle and buffalo), as this information could support substantial improvements in livestock productivity for smallholder farmers.
INTERVENTIONS TO IMPROVE SMALLHOLDER BUFFALO HEALTH AND PRODUCTION
Significant attention in large ruminant livestock development projects is often given to 'breed improvement', involving the introduction of new genetics and development of hybrids and composites (particularly in the case of cattle), with the aim that farmers raise larger and more productive animals. However this strategy should be introduced to smallholder farmers with caution. In the absence of substantial improvements in basic animal health and husbandry capacities of smallholders including nutritional and reproductive management, the introduction of animals requiring higher ME inputs for their maintenance needs and controlled breeding, has a high risk of failure under the current management practices.
Vaccination rates for important infectious diseases of large ruminants and particularly for HS are low in Laos due to inadequate veterinary services [14] . However, the regular occurrence of endemic diseases in buffalo is not only an indication of low vaccination coverage but more significantly, reflects the widespread poor biosecurity practices that reflect the low levels of farmer knowledge of infectious disease. Biosecurity includes all the hygienic practices designed to reduce the risk of infectious agents entering a herd, spreading within a herd, or entering and spreading within and beyond a country [59] . The introduction of vaccination programs accompanied by farmer knowledge training through farm cross-visits, applied research and on the job training is considered the highest priority, followed by nutritional management, parasite control and reproductive management [4, 41] . Importantly, the introduction of village-level biosecurity practices should be conducted at an appropriate pace using a participatory approach to ensure the acceptance and sustainability of the programs [7] . Depending on vaccine availability, vaccinations for FMD and HS should be implemented twice per year in May-June and November-December as these were identified as high risk periods for the disease infection [30] [31] . Although treatment for T. vitulorum infestation is not expensive or inconvenient [35] [36] many smallholder farmers tend to forget this practice, hence repetition of extension messages focused in the calving season between November and March is recommended [9] .
CONCLUSION
To facilitate the transition of smallholder buffalo keepers to more market-oriented producers, livestock development policies in Laos should promote the adoption of a multiple intervention approach toward animal health and disease risk management, improved farmer biosecurity knowledge and practices, improved feeding and reproductive practices as well as measures to improve market linkages, all of which will help smallholder buffalo farmers to improve their productivity and gain market access [4, 7] . This learning process takes considerable time and requires ongoing support and close collaboration with research and development programs to improve extension capacity, animal movement control, disease surveillance, public awareness, vaccination programs, feed resources and reproductive management [4] . Importantly, harmonization of government and aid donor support and extension policies from national, provincial and district level is crucial for the development of the buffalo meat industry. For instance, the expansion of cash crop plantations and land concessions [39] should be carefully implemented to avoid creating pressure on land availability for buffalo grazing and expansion of the buffalo population. Without addressing critical constraints in health, productivity and trade, the growing demand may further outstrip supply, compromising efforts that seek to improve food security and poverty reduction. Improvements in buffalo productivity in Laos will offer opportunities for smallholders to develop small to medium-sized buffalo producing enterprises, assisting the alleviation of rural poverty and reducing food insecurity in Laos and the GMS. 
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